Background: In humans, adiponectin has been demonstrated to circulate in inverse proportion to the degree of insulin resistance. Objective: To investigate the association between adiponectin and glycosylated haemoglobin (HbA 1c ) in a population-based study. Design and methods: Two hundred and ninety-seven individuals aged 30 -75 years were enrolled in a cross-sectional study. They included patients with type 2 (non-insulin-dependent) diabetes mellitus and stable, good metabolic control (n ¼ 32) and individuals with glucose intolerance (n ¼ 54). Adiponectin was measured using a sandwich enzyme-linked immunosorbent assay (intra-assay and interassay coefficients of variation 3.3 and 7.4% respectively). Results: Adiponectin correlated with age (r ¼ 0.161; P ¼ 0.006), body mass index (r ¼ 2 0.197; P ¼ 0.001), diastolic blood pressure (r ¼ 2 0.181; P ¼ 0.005), fasting glucose and HbA 1c (r ¼ 2 0.251 and r ¼ 20.22 respectively; P , 0.0001), high-density lipoprotein cholesterol (r ¼ 0.442; P , 0.001) and serum triglycerides (r ¼ 2 362; P , 0.001). In multiple regression analysis, sex, age, fasting and post-load glucose, and adiponectin independently contributed to 40% of the variance in HbA 1c . Among individuals with normal glucose tolerance, fasting glucose (P ¼ 0.0033), post-load glucose (P ¼ 0.0015), age (P ¼ 0.001) and adiponectin (P ¼ 0.0083) independently contributed to 21% of the variance in HbA 1c . Conclusion: Adiponectin is significantly associated with altered glucose metabolism and independently contributes to the variance of HbA 1c in a population-based manner.
Introduction
Insulin resistance is a major feature in the aetiology of obesity and type 2 (non-insulin-dependent) diabetes mellitus, and the relationship between insulin resistance and these pathophysiological states is complex. The adipocyte is now known to secrete a variety of proteins such as tumour necrosis factor (TNF)-a, adipsin, plasminogen activator inhibitor-1, leptin, resistin and adiponectin (1). Because these proteins appear to have structural properties similar to those of cytokines, they have been collectively called 'adipocytokines' and are implicated in a wide range of biological effects. Adiponectin (also called Acrp30 or adipoQ in mice) is a 244 amino acid protein synthesised and secreted exclusively by the adipose tissue (2, 3). Blood concentrations of adiponectin are decreased in obesity, type 2 diabetes and coronary artery disease, and adiponectin circulates in inverse proportion to the degree of insulin resistance (4 -16). ACRP30 is the rodent homologue of adiponectin, and ACRP30 concentrations are lower in mice fed a high-fat diet. Administration of ACRP30 to diabetic db/db mice improved insulin resistance and corrected hyperglycaemia and hyperinsulinaemia. Furthermore, administration of this protein enhances insulin sensitivity in normal mice (4 -7).
Although hyperglycaemia is the diagnostic criterion and a main prognostic parameter in diabetes, early markers could assist in the evaluation of the best therapeutic approach for diabetes mellitus. Conversely, epidemiological and intervention studies have defined the target values for the control of glycaemia, and there is general consensus that antihyperglycaemic treatment should aim at reducing glycated haemogloin (HbA 1c ) concentrations to less than 7% (17 -18).
Adiponectin possesses anti-inflammatory and antiatherogenic properties (19 -22) , and long-term glycosylation could enhance atherosclerotic risk in the presence of decreased concentrations of adiponectin. We aimed to explore the association between circulating adiponectin and glycosylated haemoglobin in a population-based study.
Methods

Participants
Two hundred and ninety-seven randomly selected individuals, aged 30 -75 years, were enrolled in a population-based cross-sectional study in Asturias, Northern Spain, as described previously (23) . They included 32 patients with type 2 diabetes under stable, good metabolic control, and 54 individuals with glucose intolerance. All participants were of White origin and reported that their body weight had been stable for at least 3 months before the study. None was taking any medication or had any evidence of metabolic disease other than obesity. Inclusion criteria were: body mass index (BMI, weight in kilograms divided by the square of height in metres) , 40 kg/m 2 ; absence of any systemic disease; absence of any infections in the previous month. The main clinical characteristics of the participants are shown in Table 1 .
Informed written consent was obtained after the purpose, nature and potential risks of the study had been explained to the participants. The experimental procedure was approved by the hospital ethics committee.
Measurements
Each participant was studied in the examination room in the post-absorptive state. Weight and height were measured and BMI calculated. Blood pressure was measured in the right arm with the individual in a supine position after a 10 min rest; a standard sphygmomanometer of appropriate cuff size was used and the first and fifth phases were recorded. Values used in the analysis are the average of three readings taken at 5 min intervals.
Participants underwent an oral glucose tolerance test (75 g glucose) and were classified as having: normal glucose tolerance (fasting glucose less than 126 mg/dl and 2 h glucose less than 140 mg/dl), glucose intolerance (fasting glucose less than 126 mg/dl and 2 h glucose at least 140 mg/dl but less than 200 mg/dl), or type 2 diabetes (fasting glucose greater than 126 mg/dl or 2 h glucose greater than 200 mg/dl, or both) as described previously (23) .
Analytical methods
Serum glucose concentrations were measured in duplicate by a hexoquinase method using a Hitachi 747 Glucose Analyzer. The coefficient of variation was less than 3%. HbA 1c was measured by high pressure liquid chromatography using a Jokoh HS-10 autoanalyser; the normal range among 774 individuals with normal glucose tolerance was 4.71^0.46%. Total serum cholesterol was measured by the cholesterol esterasecholesterol oxidase -peroxidase reaction. High-density lipoprotein (HDL) cholesterol was quantified after precipitation with polyethylene glycol and a-cyclodextrin sulphatase at room temperature (Hitachi 747). Serum total triglycerides were measured with the enzymatic lipase glycerol kinase method with colourimetric determination (Hitachi 747); low-density lipoprotein LDL cholesterol was calculated by the Friedewald formula, excluding those individuals with serum triglyceride concentrations greater than 400 mg/dl. Serum insulin concentrations were measured in duplicate by monoclonal IRMA (Medgenix Diagnostics, Fleunes, Belgium). Intra-assay and interassay coefficients of variation of this technique have previously been reported to be less than 7%.
Insulin resistance was measured by the homeostasis model of assessment (HOMA) using baseline glucose and insulin values. HOMA correlates well with insulin sensitivity derived from the glucose clamp technique (r ¼ 2 0.82, P , 0.0001), and this strong correlation appears to be independent of sex, age, BMI, diabetes and blood pressure. In our hands, HOMA values also correlate well with insulin sensitivity as measured by the frequently sampled intravenous glucose tolerance test and minimal model analysis (r ¼ 2 0.72, P , 0.0001, n ¼ 46; unpublished observations).
Circulating adiponectin was measured by a validated sandwich enzyme-linked immunosorbent assay (intraassay and interassay coefficients of variation were 3.3 and 7.4% respectively) as described previously (11). All adiponectin samples were measured in the same assay.
Statistical methods
Descriptive results of continuous variables are expressed as means^S.D. Before statistical analysis, normal distribution and homogeneity of the variances were tested. Parameters that did not fulfil these tests (adiponectin, HOMA value) were log-transformed. The relations between variables were analysed by simple correlation (Pearson's r) and multiple regression in a stepwise manner. We included in the multivariant analysis all those variables that were significantly associated with HbA 1c in univariant analysis. The level of statistical significance was set at P , 0.05.
Results
Biochemical variables for the patients included in the study are summarised in Table 2 . Circulating adiponectin concentrations were significantly decreased in patients with type 2 diabetes compared with non-diabetic individuals (7.11^4 mg/l compared with 8.67^3.6 mg/l; P ¼ 0.012) and in obese individuals (BMI . 30 kg/m 2 ) compared with those who were not obese (7.5^3.4 kg/m 2 compared with 8.7^3.6 kg/m 2 ; P ¼ 0.012), but were similar in hypertensive and nonhypertensive individuals (8.4^4 mg/l and 8.4^3.5 mg/l respectively; P ¼ 0.9). HbA 1c values were 4.8^0.48% among normotolerant participants, 5.2^0.54% in participants with glucose intolerance and 6.2^1.5% in those with type 2 diabetes (analysis of variance: P , 0.0001). Adiponectin correlated with age (r ¼ 0.161; P ¼ 0.006), BMI (r ¼ 2 0.197; P ¼ 0.001), diastolic blood pressure (r ¼ 2 0.181; P ¼ 0.005), fasting glucose ( Fig. 1 ) and HbA 1c (r ¼ 2 0.25 and r ¼ 2 0.22 respectively, P , 0.0001), HDL cholesterol (r ¼ 0.442; P , 0.001) and serum triglycerides (r ¼ 2 362; P , 0.001), but not with postload glucose concentrations (r ¼ 2 0.03, NS). After controlling for age, however, this last association became significant (r ¼ 2 0.14, P ¼ 0.02).
We constructed a multiple regression analysis to predict HbA 1c . In the first model, BMI, age, fasting glucose, post-load glucose, adiponectin and sex independently contributed to 40% of the variance in HbA 1c ( Table 3 ). Variables that did not reach statistical significance were BMI, HDL-cholesterol, HOMA value and triglyceride concentrations (Table 3) . We then performed the multiple regression analysis in normotolerant participants and patients with altered glucose tolerance separately. Among participants with normal glucose tolerance, fasting glucose (P ¼ 0.0033), post-load glucose (P ¼ 0.0015), age (P ¼ 0.001) and adiponectin concentration (P ¼ 0.0083) independently contributed to 21% of the variance in HbA 1c . Excluded variables were BMI, sex, HDL-cholesterol, triglycerides, diastolic blood pressure and HOMA value. In patients with altered glucose tolerance, fasting glucose (P , 0.00001), sex (P ¼ 0.0027) and age (P ¼ 0.023) contributed to 42% of the variance in HbA 1c . Excluded variables were adiponectin (P ¼ 0.09), BMI, HDL-cholesterol, triglyceride concentrations and HOMA value.
Discussion
In this article we report that, in a population-based study, adiponectin was found to circulate in proportion to HbA 1c , independently of fasting and post-load glucose, sex and age. In fact, all these parameters contributed to 40% of HbA 1c concentration. Interestingly, this result was maintained in individuals with normal glucose tolerance. This finding indicates that adiponectin could constitute an early marker that could assist in evaluation of the initial stages of worsening of glucose metabolism. It could be proposed that measurement of adiponectin concentration would aid the identification of high-risk individuals (those with HbA 1c concentrations above a particular threshold), independently of serum glucose concentration.
Despite the known relationship between adiponectin and insulin resistance, we have not found previous studies aimed at examining this association. However, the relationship of adiponectin with HbA 1c fits well with the observation that treatment with glitazones led to increased adiponectin and decreased HbA 1c concomitantly (24, 25) . After treatment with troglitazone, a significant correlation was found between relative changes in adiponectin concentrations and fasting glucose (r ¼ 2 0.67, P , 0.05) (25) . The relationship with HbA 1c was not specifically addressed in that study. Recent findings have demonstrated that the glycation of the insulin molecule is critical for its full biological activity (26) . Our findings might imply that glycosylation could alter the plasma half-life or action, or both, of the adiponectin molecule, leading to increased HbA 1c concentration. Current goals aimed at identifying patients with glucose intolerance or diabetes or those patients who will develop chronic complications are under discussion. Evaluation and quantification of the usefulness of adiponectin as a simple test for increased HbA 1c concentrations should be performed in further epidemiological studies. Current findings suggest that adiponectin is a candidate molecule for this goal.
In summary, adiponectin is significantly associated with altered glucose tolerance and independently contributes to the HbA 1c concentration in a populationbased manner. Tataranni 
